peptides; opioid; pharmacological preconditioning; intracellular signaling THERE IS ABUNDANT EPIDEMIOLOGIC evidence of sex differences in coronary artery disease risk in humans, with premenopausal females enjoying protection relative to men (4) . There is also laboratory evidence showing a sex difference in the tolerance to experimentally induced myocardial ischemia-reperfusion (39) , as well as clinical data demonstrating sex differences in response to treatment for acute coronary syndromes. Recently, it has been reported that female sex is an independent predictor of adverse outcome after conventional coronary artery bypass grafting using cardiopulmonary bypass (1, 7, 17) , and young women experiencing myocardial infarction have a higher mortality than men (42) . Whether these negative outcomes are due to underlying comorbidities, the undertreatment of women, or the lack of efficacy of current treatments for women has not been fully clarified.
Opioids confer tolerance to myocardial ischemia-reperfusion (27) , but it is not known whether the mechanism of opioidinduced protection is different in males and females. In male animals, the phosphatidylinositol 3-kinase (PI3K)/Akt pathway contributes to ischemic and pharmacological cardioprotection (12, 31, 32) . In male rabbits, Met 5 -enkephalin (ME) induces the phosphorylation of Akt at serine residue 473 (Akt 473 ), and both the phosphorylation of Akt 473 and the protection of cardiomyocytes are abolished by the blockade of PI3K with LY-294002 (10) . The sex differences in PI3K/Akt signalingpathway elements have been described, with increased content of nuclear phospho-Akt 473 reported in premenopausal female versus male human hearts and in female versus male murine hearts (8) . In addition, nuclear phospho-Akt 473 content is higher in premenopausal women compared with postmenopausal women. Based on the involvement of PI3K/Akt in opioid-induced cardioprotection in males and differences in PI3K/Akt signaling elements associated with sex and/or gonadal steroids, we hypothesized that there is a sex dependence of PI3K/Akt involvement in ME-induced cardioprotection. Studies were carried out in isolated murine cardiomyocytes subjected to simulated ischemia-reperfusion.
MATERIALS AND METHODS
The animals used in these studies were allowed access to phytoestrogen-free food (No. 2014 Cell isolation and culture. Ventricular myocytes from neonatal mice postnatal day (PND) 7 to 8 were prepared by the modifications of methods described previously (22) . Neonatal mice were sexed by measuring the anogenital distance; pups with an intermediate anogenital distance were excluded (18) . Three to four hearts from samesex mice were pooled for cell isolation and culture. The pups were then anesthetized with an intraperitoneal injection of 50 mg/kg pentobarbital sodium, and the hearts were removed aseptically, retaining the ventricles only. 4 .0 HEPES, 20 2-deoxy-D-glucose, 20 sodium lactate, and 1 sodium dithionate (pH 6.5) was preequilibrated in 100% N 2 at 37°C for 2 h. Oxygenated, glucose-replete medium was removed from the cardiomyocyte cultures, and preequilibrated glucose-free medium was immediately added. The cultures were promptly placed in a custommade plexiglass hypoxia chamber and exposed to 100% N 2 for 1.5 h at 37°C. For reperfusion, the glucose-free medium was replaced by M199, and the cells were reoxygenated in room air for 3 h.
Drugs. The agents used in this study were Akt inhibitor IV (10 M), LY-294002 (20 M), ME (100 M), and wortmannin (100 nM). Akt inhibitor IV and LY-294002 were obtained from Calbiochem (San Diego, CA). Wortmannin was purchased from Sigma (St. Louis, MI), and ME was obtained from Sigma and American Peptide. ME is an endogenously produced pentapeptide that is selective for cloned ␦-opioid receptors but appears to also activate -opioid receptors in vivo (9) . LY-294002 and wortmannin block the activity of PI3K; LY-294002 competitively inhibits the ATP-binding site, whereas wortmannin covalently modifies PI3K. Akt inhibitor IV is a nonselective ATP-competitive inhibitor. All drugs except ME were dissolved in DMSO, aliquoted, and frozen until use. ME was dissolved in distilled water, aliquoted, and frozen until use. The dosages were based on previous studies, literature reports, and vendor-reported IC 50 values (10, 13) . On the day of the experiment, stock solutions were diluted directly into cells. ME was added to the cell cultures 15 min before the 90 min ischemia; the antagonists were administered to the cells 15 min before ME treatment.
RNA interference. The transfections of Akt1/2 (Cell Signaling) and Akt3 (Dharmacon RNA Technologies) small interfering RNAs (siRNAs) were conducted with Lipofectamine 2000 (Invitrogen) in 24-well plates according to the instructions of the manufacturer. Briefly, the cultured cardiomyocytes with 50% confluence were transfected with 100 nM Akt1/2 or Akt3 siRNA in 0.5 ml/well of transfection medium (Cell Signaling). The cells were incubated for 72 h without the replacement of the medium. Western blot analysis showed a significant reduction in Akt expression by siRNA after 48 h incubation and the maximum reduction at 72 h after transfection. After 72 h of transfection, cells were used for cell viability assays. A green fluorescent protein (GFP) siRNA (Superarray) was used as a control.
Determination of cell viability. Cell death was quantified using a Zeiss Axiovert 200 fluorescent microscope and MetaMorph imaging system (Universal Imaging). Propidium iodide (5 M) was used to identify dead cells. Two digital images were taken of each sample field at each time point. One digital image was taken under fluorescent light (dead cells fluorescence red), and one image was taken with a bright field-transmitted light (to ascertain the total number of cells). The percentage of cell death was expressed as red fluorescent cells relative to the total cells in the same field. The serial measurements of cell viability were performed at least every 60 min. More than 300 cells were examined in each sample. All viability experiments were accompanied by an untreated oxygenated time-control group.
Western blot analysis. The myocyte proteins in the SDS sample buffer, containing 2% SDS, 10% glycerol, 80 mM Tris (pH 6.8), 0.15 M ␤-mercaptoethanol, and 0.02% bromphenol blue, were separated on 4 -20% linear gradient SDS-polyacrylamide gels (Bio-Rad) in a minigel apparatus (Mini-Protean 3; Bio-Rad) and transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% nonfat dry milk in Tris-buffered saline Tween 20 [containing 10 mM Tris (pH 7.5), 150 mM NaCl, and 0.05% Tween 20] for 60 min at room temperature and incubated overnight at 4°C with primary antibodies (Cell Signaling) in the following concentrations: Akt, 1:4,000; phosphorylated (p)Akt (Ser 473 ), 1:1,000; and Akt3, 1:2,000. The antigens were detected by the luminescence method (ECL-plus Western blotting detection kit; Amersham) with peroxidase-linked anti-rabbit IgG (1:4,000 in 5% dry milk). After immunoblotting was completed, immunoblot band intensity was assessed with a Kodak Image Analysis System. Data are expressed as a percent change of a single protein or phosphorylated/total protein from the control values.
Experimental protocols. Each experimental series consisted of n ϭ 5 to 7 replicates (i.e., 5 to 7 separate cell dissociations/culture). To test whether there is a sex difference in ME-induced cardioprotection following the blockade of PI3K, posthypoxic cellular viability was assessed in the presence and absence of the dissimilar PI3K inhibitors LY-294002 and wortmannin. For each inhibitor, four groups were studied: control, ME, LY-294002, and LY-294002 ϩ ME and control, ME, wortmannin, and wortmannin ϩ ME, respectively.
Since PI3K inhibition indiscriminately affects all three Akt isozymes as well as other pleckstrin-homology domain-containing signaling molecules that are dependent on phosphatidylinositol 3,4,5-trisphosphate, several other strategies were used to assess the sexspecific involvement of Akt in ME-induced cardioprotection. First, the presence of a between-sex difference in total Akt1/2 or Akt3, or in the ratio of phosphorylated to total pan-Akt following ME stimulation, was tested. Second, posthypoxic cellular viability in the presence and absence of the nonselective and selective Akt inhibitors was assessed. The groups were the control, ME, Akt inhibitor IV (nonselective), and Akt inhibitor IV ϩ ME.
Because commercially available pharmacological inhibitors of Akt3 were not available at the time of this study, RNA interference was used to assess sex differences in both Akt1/2-and Akt3-mediated posthypoxic survival. The groups were the control siRNA, ME, Akt1/2 siRNA, and Akt1/2 siRNA ϩ ME and the control siRNA, ME, Akt3 siRNA, and Akt3 siRNA ϩ ME.
Data analysis. Data analysis was performed with a personal computer-based statistical software package (Prism 4.0; GraphPad Software, San Diego, CA). The primary measured end point for cell viability experiments was cell death, defined as the uptake of propidium iodide. For each group, the percentage of dead cells was plotted versus the duration of reoxygenation. The area underneath these injury curves was calculated for each individual experiment. For all the data, the differences between groups were assessed by one-way ANOVA with repeated measures with a Student-Newman-Keuls post hoc test. Statistical significance was assumed for P values Յ 0.05. The results are expressed as means Ϯ SE. and 2, both LY-294002 and wortmannin completely abolished ME-induced protection in male cardiomyocytes but only modestly attenuated protection in female cardiomyocytes. Wortmannin is an irreversible inhibitor of PI3K that covalently modifies the ATP-binding site of the enzyme, whereas LY-294002 is a competitive inhibitor of ATP. The observation that both of these dissimilar PI3K inhibitors yielded similar data with respect to ME treatment and posthypoxic cardiomyocyte viability suggests that there is indeed a sex difference in the utilization of the PI3K signaling pathway following opioid conditioning. However, both agents have been suggested to inhibit other kinases as well (41); therefore, the response to Akt inhibitor IV, which is a benzimidazole compound that nonselectively inhibits Akt phosphorylation/ activation without affecting PI3K, was also examined. The administration of the Akt inhibitor IV also revealed that inhibition of PI3K/Akt signaling fully abolished ME-induced cellular protection in male cardiomyocytes but only modestly attenuated it in female cardiomyocytes. These data are shown in Fig. 3 . Thus the data obtained from treatment with wortmannin, LY-294002, and the Akt inhibitor IV are all internally consistent.
Interestingly, the administration of ME resulted in a ϳ20% increase in phosphorylated to total Akt in male cardiomyocytes, whereas ME elicited a ϳ200% increase in the phosphorylation of Akt in female cardiomyocytes. There was no difference in the basal (unstimulated) content of total Akt between males and females (Fig. 4) . These data, in combination with the PI3K and nonselective Akt inhibition data, suggest that there are Akt isoform-specific sex differences in ME-induced cardioprotection.
A full spectrum of isoform-selective pharmacological inhibitors of Akt was not available, and therefore RNA interference was used to assess the respective contribution(s) of Akt isoforms to opioid-induced cardioprotection in males and females (Fig. 5) . After Akt1/2 siRNA transfection, ME-induced protection against hypoxia-reoxygenation cell death in males was completely eliminated, but it was only partially attenuated in females. Conversely, knockdown of Akt3 was ineffective in abolishing ME-induced protection in males but eliminated it in females (Fig. 6) .
The isoform-specific Western blot analysis of pan-Akt following siRNA transfection, expressed as phosphorylated/total (p/t), showed a mirror image of the following viability data: robust phosphorylation in the presence of control siRNA (GFP sequence) in both males and females, only modest phosphorylation of Akt in males in the presence of Akt3 siRNA, and robust phosphorylation of Akt in females only in the presence of Akt1/2 siRNA (Fig. 7) . Thus these data show that in males ME elicits p/t conversion mostly in Akt1/2, whereas in females ME elicits p/t conversion mostly in Akt3. 
DISCUSSION
The principal finding of the current study is that in isolated PND 7 to 8 murine cardiomyocytes, ME-induced protection against simulated ischemia is abrogated by the blockade of the PI3K/Akt signaling pathway in males but not in females. Furthermore, ME-induced cardioprotection in males primarily utilizes a PI3K-Akt1/2 dominant pathway and in females primarily utilizes a PI3K-Akt3 dominant pathway. ME elicits cytoprotection in male cardiomyocytes via Srcdependent EGFR transactivation, with consequent activation of the PI3K/Akt and MAPK/extracellular signal-regulated kinase (ERK) (MEK)/ERK1/2 pathways and the involvement of protein kinase C (PKC) and ATP-sensitive potassium channels (10) . This signaling pathway has been termed the reperfusion injury salvage kinase pathway and is thought to confer protection largely via the inhibition of the mitochondrial permeability-transition pore opening (20, 21, 47) . The current study extends earlier findings to now demonstrate sex-dependent differences in opioid-induced cytoprotective signaling. Sexspecific differences in the mechanisms of ischemic injury and tolerance have also been reported for the brain (16, 26, 29) and the kidney (23).
Shinmura et al. (38) reported that sex difference does not affect the magnitude of opioid-induced late preconditioning in isolated rat hearts, but this study did not address sex-dependent differences in the mechanism of protection. The current data Fig. 4 . Basal and stimulated Akt content. There was no difference in basal (unstimulated) content of total Akt between males and females. However, administration of ME resulted in a maximal ϳ20% increase in phosphorylated to total Akt in male cardiomyocytes at 15 min, whereas ME elicited ϳ200% increase in phosphorylation of Akt in female cardiomyocytes at 15 min. Data are expressed as means Ϯ SE. p/t, Phosphorylated/total; au, arbitrary units. Fig. 5 . Akt knockdown by small interfering RNA (siRNA). Assessment of knockdown with sexes pooled revealed ϳ50% knockdown of Akt1/2 and ϳ70% knockdown of Akt3 (top, left). Analyses by sex showed that siRNA directed against Akt1/2 knocked down Akt1/2 expression to an equivalent extent in both males and females (46 Ϯ 3% vs. 43 Ϯ 3% of control siRNA, respectively) without affecting expression of Akt3 (bottom, left). Similarly, expression of Akt3 was reduced to a comparable degree in both sexes by siRNA directed against Akt3 (50 Ϯ 1 males vs. 53 Ϯ 2 females, %control siRNA) with no change in expression of Akt1/2 (bottom, right). Immunoblot for Akt by sex is shown (top, right). also suggest that the magnitude of opioid-induced cytoprotection is similar in males and females; however, male and female cells appear to utilize different signaling pathways to achieve ME-induced ischemic tolerance. Many previous studies examining the mechanisms of opioid-induced preconditioning have implicated Akt in the protective signaling cascade, but all of these studies were performed in male animals, and the dissection of the roles of individual Akt isoforms was not addressed (10, 19, 35, 45) .
Although Przyklenk et al. (36) reported that sex difference did not affect myocardial infarct size in intact dogs; others have reported an innate tolerance to myocardial ischemia in female mice, rats, and rabbits (3, 39, 43, 44) . Sex differences in salvage kinases and associated signaling elements have been reported to exist in cardiac tissue. For example, Bae and Zhang (3) reported that ischemia resulted in enhanced activation of cardiac Akt and PKC-⑀ in females versus males even though the baseline content of the phosphorylated kinase was similar. Camper-Kirby et al. (8) found an increased content of nuclear phospho-Akt 473 in the premenopausal female versus the postmenopausal female and male human hearts and in the female versus male murine hearts. Similarly, in the current data, there was no difference in the baseline (unfractionated) content of Akt between males and females, and the p/t-Akt ratio was augmented in females following the administration of ME compared with males. Sex differences in Akt activation following the onset of hypoxic incubation/substrate deprivation were not assessed in the current study, nor were the subcellular content and/or translocation of Akt. However, an incomplete loss of opioidinduced protection in females following the blockade of PI3K was observed, which suggests that additional factors may facilitate the maintenance or function of activated Akt.
The favorable effect of sex difference on myocardial ischemic tolerance is often considered to be due to the actions of the gonadal steroid estrogen on survival kinases. Indeed, estrogen or selective estrogen-receptor modulators have been reported to be cardioprotective, both in terms of reducing the risk of acute myocardial infarction as well as the tolerance to induced ischemia (5, 30, 43) . Furthermore, estrogen is reported to activate PI3K/Akt signaling (33, 37) , and both the estrogen salutary effect and PI3K/Akt activation are abrogated by ovariectomy or estrogen receptor blockade (24, 25, 34) . However, the current study was performed in vitro using estrogen-free media. Thus the current results are indicative of a sex difference that is not the result of recent estrogen exposure.
Because dietary phytoestrogens have been reported to elicit tolerance to cerebral and myocardial ischemia (28, 48) , the cardiomyocytes from animals whose dams were given a phytoestrogen-free diet were used in the current study. Although estrogen-free conditions were used in the cell culture and phytoestrogen-free rodent chow was provided, the developing fetus is exposed to gonadal steroids. Maternal estrogens are largely bound to ␣-fetoprotein. Fetal ovaries are not a source of estradiol (46) , although estradiol is made in the fetal testes through the aromatization from testosterone (6) . The largest source of estrogen in both sexes is the placenta, although the murine placenta does not participate in gonadal steroid production during the second half of pregnancy (2, 14) . The adrenal gland does contain aromatase, and it is possible that estrogen could be produced by the fetal adrenals, although this has not been described. In contrast, the murine fetal testis does produce testosterone with testosterone production surging at approximately murine fetal day 16 and at parturition (11, 15) . Thus PND 7 to 8 cardiomyocytes of both sexes will have been exposed to varying levels of estradiol during fetal life, with neonatal male cardiomyocytes exposed to testosterone surges not experienced by neonatal female cardiomyocytes. Whether this prenatal-gonadal steroid exposure affects postnatal-cardiomyocyte hypoxic tolerance was not addressed in the current study and requires future examination.
Because neonatal cardiomyocytes were used in the current study rather than adult cardiomyocytes, the possibility that adult tissue would behave differently from what was observed in the current study cannot be excluded. However, murine cardiomyocyte hyperplasia is thought to be largely complete by PND 7 to 8 (the age of myocytes used in the current study). Soonpaa et al. (40) reported that cardiac DNA labeling with tritiated thymidine was Ͻ10% at PND 7 and 0% at PND 10, and growth arrest homeobox gene expression was absent in embryonic cardiac tissue but expressed at adult levels by PND 7. Thus our PND 7 to 8 cardiomyocytes were likely comprised of almost exclusively binucleated and terminally differentiated cells.
Finally, because the Akt knockdown was incomplete, it is possible that the degree of inhibition was sufficient to abrogate signaling in one sex but not enough for the other, i.e., there is a dose response or sensitivity threshold such that, for example, female cardiomyocytes are more susceptible than male cardiomyocytes to reductions in Akt3.
In conclusion, the current results demonstrate that in the absence of concurrent hormonal stimulation (i.e., estrogen-free medium), there is not a sex difference in the degree of MEinduced protection against hypoxia-reoxygenation; there is a sex difference in the utilization of specific cardioprotective signaling pathways after the administration of ME, with MEinduced cardioprotection in males predominantly utilizing a PI3K-Akt1/2 pathway and in females predominantly utilizing a PI3K-Akt3 pathway; and incomplete loss of protection in females following the blockade of PI3K suggests that additional factors may facilitate the maintenance or function of activated Akt.
